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Nephron heterogeneity in ischemic acute renal failure. To uncover the
reasons for reported internephron heterogeneity in acute renal failure
(ARF) serial micropuncture experiments in norepinephrine-induced
ARF and sham-infused control rats were carried out to investigate this
phenomenon. Proximal tubular pressures (PT) were scattered at 24, 48,
and 72 hr in ARF rats ranging from 4 to 42 mm Hg, but the majority
were greater than the mean control values (10 1 mm Hg). One week
ARF PT were less variable than on previous days (5 to 17 mm Hg). The
decreased variability was the result of a reduced number of PT values
that were greater than controls. When single nephron filtration rates
(SNGFR) were measured with spontaneous flow collections without
maintaining the existent tubular pressures, results were widely scat-
tered on each day. When SNGFR were measured at the existent PT,
individual determinations were tightly clustered on each experimental
day, clearly different from controls (all P < 0.001), and correlated
closely with predicted values from whole kidney inulin clearance (all P
<0.001). Thus, existent internephron SNGFR was uniform in ARF rats
and apparent heterogeneity, in large part, was attributable to an artifact
of the tubular fluid collection technique. Despite the uniformity of
SNGFR, values of PT ranging below as well as above controls,
suggested that a mechanism in addition to tubular obstruction was
operative in reducing SNGFR. Recoveries of microperfused 4C-inulin
were similar to controls excluding significant backleak of tubular fluid.
Glomerular filtration capacity (GFC) determined by performing tubular
fluid collections at measured reductions in pressure (PD) from stop-flow
varied as a function of the initial PT indicating that obstruction was the
dominant pathogenetic factor in nephrons with the highest P1 values,
while glomerular dysfunction was the major pathogenetic mechanism in
nephrons with the lowest PT values. Intermediate PT and GFC values
represented nephrons with both tubular obstruction and glomerular
dysfunction operating to reduce SNGFR.
Heterogéneité nephronique au cours de l'insuffisance rénale aigue
ischémique. Découvrir les raisons de l'hétérogénéité inter-néphronique
rapportée au cours de l'insuffisance rénale aigue (ARF) des experiences
de microponctions répCtées chez des rats en ARF induite par
l'adrCnaline et des contrOles ayant recu un simulacre de perfusion ont
Cté enterprises pour étudier cc phénomene. Les pressions tubulaires
proximales (PT) étaient variables a 24, 48, et 72 hr chez les rats en ARF,
comprises entre 4 et 42 mm Hg, mais Ia majorité était plus Clevée que Ia
moyenne des valeurs contrôles (10 I mm Hg). ARF PT a une semaine
Ctait moms variable que les jours preceCdents (5 a 17 mm Hg). Cette
diminution de variabilitC Ctait due a une reduction du nombre des
valeurs de PT qui Ctaient plus dlevées que les contrOles. Lorsque les
debits de filtration nephronique individuels (SNGFR) Ctaient mesurés
par des collections du flux spontané sans conserver les pressions
tubulaires existantes, les rCsultats étaient trés variables chaque jour.
Lorsque SNGFR était mesuré aux PT existantes, les determinations
individuelles Ctaient trés serrCes pour chaque jour experimental, nette-
ment différentes des contrôles (tolls les P < 0,00 1) et étaient Ctroitement
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correlées aux valeurs predites par Ia clearance de l'inuline du rein entier
(tous les P < 0,001). Ainsi, SNGFR existant entre les néphrons était
uniforme chez les rats en ARF et l'hétérogeneite apparente est attribu-
able pour une large part a un artéfact dans Ia technique de collection du
liquide tubulaire. Malgré l'uniformitC de SNGFR, les valeurs de PT
situées au-dessous comme au-dessus des contrôles suggéraient qu'un
méchanisme de plus que l'obstruction tubulaire contribuait a réduire
SNGFR. Les récupérations de 4C-inuline microperfusëe étaient
identiques aux contrôles, excluant une fuite retrograde de liquide
tubulaire. La capacitC de filtration glomérulaire (GFC) déterminée en
collectant du liquide tubulaire pour des reductions mesurées de Ia
pression (PD) a partir de l'interruption de flux variait en fonction de PT
initiale indiquant que I'obstruction était le facteur pathogénique domi-
nant dans les néphrons dont les valeurs de PT Ctaient les plus hautes,
alors que le dysfonctionnement glomerulaire était Ic facteur
pathogenique principal dans les nCphrons aux plus faibles valeurs de PT.
Les valeurs intermédiaires de PT et de GFC correspondaient a des
néphrons dans lesquels l'obstruction tubulaire et Ic dysfonctionnement
glomerulaire contribuaient ensemble a réduire SNGFR.
Whole kidney function parameters in studies of acute renal
failure (ARF) have shown considerable uniformity among ani-
mals in various experimental groups [1—5]. Values of renal
blood flow (RBF), inulin clearance (C1), and urine electrolyte
composition have been relatively consistent at any one sam-
pling interval in a single study group [1—51. Such data have
formed the basis of a number of theories concerning the
pathogenesis of acute renal failure including the roles of
renovascular resistance and tubular dysfunction. On the other
hand, data from micropuncture studies of surface nephrons
frequently have shown striking heterogeneity. Proximal tubular
pressures (P1) and single nephron filtration rates (SNGFR) in
different nephrons have varied several-fold in a single experi-
mental animal [6—9]. In some instances these kinds of data have
been expressed as group means with some standard expression
of variance [10, lii. However, when presented as individual
values or displayed in histograms, the SNGFR and T data are
widely scattered making the interpretation of calculated means
difficult. Frequently, the pattern of PT and SNGFR plots tends
to he biphasic, skewed, or flat [6—91. Data of these types suggest
that either the methods of measurement are not reliable or that
more than one factor is influencing distribution.
The present experiments were designed to discover the
reasons for reported SNGFR and P1 surface nephron hetero-
geneity in ARF and determine if pathophysiologic factors, that
is, tubular obstruction, tubular fluid backleak, or altered
glomerular function interact to cause SNGFR and pressure
differences. The possible roles of these factors also were
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investigated by carrying out serial studies of single nephron and
whole kidney function during the maintenance and early re-
covery phases of renal dysfunction.
Methods
Sprague-Dawley rats, weighing 250 to 350 g and maintained
on an ad lib water and standard rat chow diet, underwent right
nephrectomy 2 weeks prior to being studied.
Natural history experiments
Control measurements of blood urea nitrogen (BUN) were
made in 12 randomly chosen rats. The animals were then
anesthetized with pentobarbital (60 mg/kg i.p.); the left renal
pedicle was exposed through a flank incision. A micropipette
(35 s O.D.) mounted on a micromanipulator and attached to a
motor-driven syringe was introduced into the renal artery.
Norepinephrine (NE) was delivered through the pipette into the
renal artery at 0.6 g/kg/min for 90 mm. The pipette was
removed, the surgical wound was closed, and the rats were
allowed to recover from anesthesia. They received ad lib water,
a low potassium diet (ICN Pharmaceuticals, Cleveland, Ohio)
for 48 hr and a regular diet thereafter. BUN was measured
every third day for 25 days. C1 was measured at 4 weeks in the
five remaining rats and 12 control rats that had been infused
with 0.9% saline intrarenally at the same time ARF rats had
received NE.
Clearance and micropuncture studies of nephron
heterogeneity
Sixty rats were taken from the 2-week nephrectomized pool
and anesthetized with pentobarbital; the left renal pedicle was
exposed through a flank incision. The renal artery was dissected
free from surrounding tissues and a small diameter flow probe
(EP model 401D, lumen circumference 2.0 mm, Carolina Medi-
cal Electronics, Inc., King, North Carolina) was positioned
around the artery and connected to a square wave electro-
magnetic flow meter. Renal blood flow (RBF) was recorded.
The flow probe was calibrated by the method of Arendshorst,
Finn, and Gottschalk [12]. A pipette was then inserted into the
renal artery and NE was infused as in the previous protocol.
RBF was measured when NE infusion was ended. The rats
were returned to metabolic cages after the closure of the left
flank wound, allowed to recover from anesthesia and given ad
lib water and low potassium diets for the first 48 hr. At 24, 48,
72 hr, and 1 wk after NE infusion, six rats were chosen at
random for experiments designed to characterize nephron het-
erogeneity. Six control rats, in which 0.9% saline was substi-
tuted for NE infusion, were similarly studied prior to infusion
and at 24, 48, 72 hr, and 1 wk. The animals were prepared for
clearance and micropuncture experiments as described else-
where [13, 14]. A flow probe was placed about the left renal
artery and connected to a flow meter as outlined above. A 1-hr
equilibration of plasma inulin concentrations was allowed, at
which time a femoral artery blood sample (0.4 ml) was obtained
between two-timed 50-pd collections of urine for inulin meas-
urements. Blood and urine collections were repeated hourly
during the study. In order not to introduce examiner bias,
individual nephrons to be studied were chosen by accepting the
tubule which lay beneath a cross-hair placed in the ocular of the
microscope. Subsequent nephrons were selected in the same
manner after shifting blindly to a new microscopic field.
Micropressure measurements were determined in five to ten
proximal convoluted tubules and efferent arterioles (PEA).
Microperfusion was performed from early loops to last loops of
proximal and mid or late distal tubules with an artificial perfus-
ate 1151 containing 200 to 250 cpm/nl of 14C-inulin. Perfusion
was performed as previously described [5]. The perfusion rate
varied from 5 to 20 ni/mm.
In a separate set of four to six unselected proximal tubules
standard total fluid collections of 2 to 10 mm were obtained for
measurements of SNGFR [14]. Times varied in relation to
observed tubular fluid flows. No attempt was made to control
pressure; the only criterion for collection was to maintain an oil
block at the tip of the collecting pipette. In another set of four
to six proximal tubules, a 1 m O.D. pressure pipette was
positioned, and pressure was recorded. A collection pipette was
then placed in the same tubular loop. If the direction of fluid
flow, as determined with an oil droplet, was opposite to the
position of the pressure pipette, then a total fluid collection of 4
to 10 mm for measuring SNGFR was made at the pre-
determined tubular pressure. Tubular pressure was maintained
constant by observing the stability of the pressure tracing on an
oscilloscope. If no tubular fluid was collected, SNGFR was
recorded at 0.
To make a quantitative estimate of the role of glomerular
function in disruption of SNGFR, controlled reduction in tubu-
lar pressure was carried out while measuring SNGFR in three to
five nephrons. An oil-filled pipette (O.D. 8 m) was positioned
in an early proximal tubule identified by having at least five
loops distal to that punctured as determined with a minute oil
droplet. A pressure pipette (1 m O.D.) was inserted just
upstream from the identifying pipette and the existing PT was
determined. An oil block approximately 8 tubular diameters
long was forced into the tubule such that it increased in length
in both antegrade and retrograde directions with reference to
the normal direction of tubular fluid flow. The oil block was
maintained just distal to the pressure pipette and a stop-flow
pressure (PSF) was recorded. The oil block was then allowed to
move downstream in the tubule to just beyond the oil-filled
pipette, and tubular fluid collected with suction until a pressure
from 4 to 30 mm Hg below PSF was achieved. The collection
pipette was discarded and another collection pipette was in-
serted in the same puncture site. A 2-mm collection was carried
out at the final pressure achieved with the previous pipette. The
two-pipette technique was used to remove accumulated fluid in
dilated tubules that would erroneously increase calculated
SNGFR. During the second collection the proximal tubular
pressure (PCOL) was held constant at the reduced pressure by
monitoring both on an oscilloscope and with a direct write-out
recorder.
Analytic techniques
Plasma and urine inulin were measured with an autoanalyzer
(Technicon Instruments Corp., Tarryton, New York). Nonradi-
olabeled tubular fluid inulin was estimated by the micromethod
of Vurek and Pegram [16] as modified for this laboratory [171.
NFR was calculated from the tubular fluid collection rate (V)
and the tubular fluid to plasma inulin ratio (TF/PIN):
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NFR = V (TF/PIN)
The '4C-inulin activity of tubular perfusate and collected
samples was counted in a liquid scintillation counter (Beckman
Instruments, Inc., Fullerton, California). The percent recovery
of '4C-inulin was determined from the ratio of the total quantity
of '4C-inulin collected to the total quantity perfused during the
interval of tubular fluid collection as previously described [15].
Glomerular filtration capacity (GFC), determined from tubu-
lar fluid collections at pressures reduced from the stop-flow
pressures, was calculated as
GFC = SNGFR!PD (2)
where PD was the pressure difference between stop-flow and the
collection pressure.
Data are expressed as means 1 SD. Means of groups were
compared by the Fisher F test [181. The relationship between
variables was assessed by regression analysis [18].
Results
Natural history
The serial BUN measurements and outcome in the 12 rats
that were given intrarenal NE and followed for 25 days are
shown in Figure 1. Seven of the 12 rats died. Six deaths
occurred while the animals' BUN levels were greater than four
times the control values. The other rat died after day 17 when
the BUN was approaching normal. In the five surviving rats
BUNs returned to levels observed prior to NE infusion. C1 in
these animals was 1.065 0.214 mI/mm at 4 weeks compared to
the 12 matched controls infused with 0.9% NaCI that had a
mean value of 1.410 0.275 mI/mm (different at P < 0.01). The
pattern of ARF was consistent in all rats and closely resembled
human ARF both in terms of its course and outcome.
Clearance studies in rats usedfor micropuncrure experiments
Kidney weights, blood pressures, and clearance results are
shown in Table 1. Kidney weights (KW) of the sham-infused
control rats did not change. In ARF the mean KW at 24 hr was
significantly greater than preinfusion KW (P < 0.05) but not
greater than the 24-hr control KW. ARF KW on other days
were similar to pre-infusion and time controls except at 72 hr
when the mean KW was less than the pre-infusion control value
(P < 0.05). Blood pressures were not different between ARE
and corresponding controls nor were there differences from
pre-infusion control rats. RBF in time control rats fell after
sham infusion but returned to pre-infusion levels by I week. In
ARF rats, RBF was less than that in pre-infusion controls at 24
and 72 hr but not at 48 hr and 1 week. Compared to correspond-
ing time controls, RBF was similar in ARF rats except at 72 hr
when it was significantly lower. As with RBF, C111 was lower
after sham infusion in time control rats remaining at an average
of 70% of the pre-infusion mean for all 4 days of study in week
1. In ARE rats at 24, 48, 72 hr and 1 week mean C1 were 9, 14,
42, and 46% of the mean for corresponding time controls,
respectively. The latter two values were both significantly
increased from the 24 and 48 hr ARF means (both P < 0.001).
Urine flow rates (V) in time controls were not different from
pre-infusion levels, In ARF rat V was significantly lower than
pre-infusion and time control levels at 24 hr. At 48 hr V was less
than pre-infusion controls only but at 72 hr and 1 week V was
(1) similar to pre-infusion and time controls.
Micropuncture studies
The measurements of PT performed in the six control and
ARF rats studied on each experimental day are shown in Figure
2. At 24 hr they ranged from 4 to 38 mm Hg in ARF rats and 8
to 11 mm Hg in controls. The same respective PT ranges were
5 to 42 and 9 to 11 mm Hg at 48 hr, 5 to 35 and 8 to 11 mm Hg
at 72 hr and 6 to 17 and 8 to 11 mm Hg at 1 week. PEA, not
shown in the figure, were 9 to 21 mm Hg in ARF and 13 to 14
mm Hg in control at 24 hr, 12 to 20 mm Hg in ARF and 13 to 15
mm Hg in control at 48 hr, 11 to 17 mm Hg in ARF and 14 to 16
in control at 72 hr and 12 to 16 in ARF and 13 to 16 in control
at I week.
When SNGFR was measured without Tcontrol in ARE rats
there was considerable scatter of results as shown in Figure 3.
Mean values for ARF and control rats, respectively, were 23
16 and 51 7 nI/mm at 24 hr, 29 20 and 45 10 nl/min at 48
hr, 25 16 and 43 7 nI/mm at 72 hr, and 29 17 and 48
11 nI/mm at I week. Only the ARF and control mean SNGFR at
24 hr were significantly different from one another (P < 0.01).
Chronologic comparisons revealed no differences in means for
the various experimental days among the ARE or control
groups. There was no correlation between the fractional
changes in whole kidney Cand mean levels of SNGFR in ARF
rats.
When PT was controlled at the existent level during measure-
ment of SNGFR in separate nephrons in the same rats, the
distribution of data for the ARF groups changed dramatically as
shown in Figure 4. Mean SNGFR, respectively, for the ARF
and control rats were 5 3 and 51 6 nI/mm at 24 hr, 7 3
and 46 7 nI/mm at 48 hr, 16 4 and 42 10 nl/min at 72 hr,
and 17 4 and 48 7 nI/mm at I week. The differences
between ARF and control means for each day were highly
significant at P < 0.001. When the SD of SNGFR means on any
respective experimental day in pressure-controlled and un-
controlled collections were compared in ARF rats, they were
significantly less in the former (all P < 0.001). Using the
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Fig. 1. Serial BUN measurements demonstrating the disease course in
the norepinephrine-ARF model used in this study. Crosses indicate
animal deaths.
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Fig. 2. Proximal lobular pressures in NE-ARF (solid bars) and sham-
infused time control rats (hatched bars).
fractional changes from pre-infusion whole kidney GFR to
determine expected mean SNGFR on each experimental day in
ARF rats, values of 3, 4, 13, and 16 nl/min were calculated for
24, 48, 72 hr and I week, respectively. These values agreed
closely with the same respective mean SNGFR during collec-
Single nephron filtration rate, ni/mm
Fig. 3. Single nephron filtration rules measured without pressure
control in NE-ARF (hatched bars slanted left) and sham-infused time
control rats (hatched bars slanted right).
tions in which PT was controlled at the existent tubular pressure
indicating that whole kidney and single nephron GFR changed
in close parallel when the latter were measured with pressure
control.
The previous experiments indicated that tubular pressure was
a key factor in the wide variation of nephron filtration rate
observed by the tubular collection technique and that the
heterogeneity in SNGFR largely was an artifact of tubular fluid
collections in which pressure was not controlled. However, the
finding of heterogeneity in tubular pressures per se, which was
not an artifact of measurement, suggested that one or more
processes in addition to tubular obstruction was operative in
reducing single nephron filtration rate. Thus, while SNGFR was
found to be uniform in all nephrons studied, if existent PT were
maintained, the mechanism underlying reductions in SNGFR
Rats Time sham KW BP
N orNE g mmHg
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Table 1. Kidney weights, blood pressures, and clearance data in control and acute renal failure rats
RBF C10
mI/rn in
V
d/min
Control rats
6 0 2.06 0.08 121 14 11.4 1.6 1.781 0.193 12 2
6 24 hr 2.13 0.11 119 8 8.6 16b 1.226 0243b 10 4
6 48 hr 2.01 0.06 120 9 8.7 1.3" 1.180 0.197" 10 3
6 72 hr 1.83 0.07 125 7 9.1 l.5a 1.240 0.314" 14 5
6 1 week 2.11 0.11 120 6 10.2 0.9 1.352 O.228 13 3
Acute renal failure rats
6 24 hr 2.26 0.13a 114 6 7.4 17b 0.110 0.066 2 2c0
6 48 hr 1.80 0.31 113 8 9.5 1.4 0.165 0.055C0 8 2d
6 72 hr 1.77 0.18 120 11 7.2 08b.d 0.524 0.125 11 5
6 1 week 1.96 0.23 116 5 8.2 2.1 0.627 O.097 24 19
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was heterogenous and in some manner related to tubular
pressures.
To assess the relative roles of functional tubular obstruction
as indicated by an elevated T and glomerular or pre-glomerular
vascular factors in reduction of SNGFR, SNGFR responses
during monitored reductions in tubular pressure were carried
out in 24, 48, 72 hr and 1 week ARF and time control rats. This
technique permitted determinations of individual glomerular
filtration capacity in the absence of tubular obstruction. Both
the tubular and stop-flow pressures were measured prior to
collection to examine the relationship between SNGFR and a
reduction in tubular pressure from PSF. Also, PSF provided a
standard zero intercept for all collections, since tubular fluid
flow was zero at PSF. As shown in Figure 5, which compares
PSF and T in all ARF nephrons examined, there was a close
correlation between these parameters (y = 7.135 + 0.851 x; r
= 0.899, P < 0.001). The relationship between GFC and
existent T for 24, 48, 72 hr and I week are shown in Figure 6.
As can be seen, there were positive correlations between GFC
and the existent T on all days. The GFC for time control
nephroris, which had limited PT ranges, were 1.168 0.032
nl/min mm Hg' (PT 10.3 0.4 mm Hg) at 24 hr, 1.031
0.19 ni/mm mm Hg '(PT = 9.6 0.2 mm Hg) at 48 hr, 0.980
0.27 nl/min mmHg'(PT = 10.7 0.3mmHg)at72hrand
1.004 0.018 nI/mm mm Hg' (Pr = 9.7 0.4 mm Hg) at 1
week. The mean GFC values in ARF nephrons for Tbelow the
time control mean T, respectively, were 0.434 0.165
nI/min mm Hg' at 24 hr, 0.5 16 0.146 nI/mm mm Hg' at
48 hr, 0.480 0.113 nl/min mm Hg' at 72 hr and 0.643
0.185 nl/min mm Hg' at 1 week. These values were signifi-
cantly less than the time-control GFC (all P < 0.001) on each
day. The mean GFC for PT above the time-control mean T
were 1.220 0.240 nI/mm mm Hg' at 24 hr, 1.052 0.280
ni/mm mm Hg' at 48 hr, 0.945 0.217 nI/mm mm Hg' at
72 hr and 1.007 0.082 nI/mm mm Hg' at I week. In
contrast to the nephrons with reduced T none of the mean
GFC was different from time controls.
The results of the '4C-inulin microperfusion are shown in
Table 2. Recoveries of '4C-inulin were similar to control on
each study day whether microperfusion was performed from
proximal to proximal or proximal to distal sites. In ten
microperfusion measurements in ARF rats a l- O.D. pressure
pipette was introduced into a proximal tubular ioop between the
perfusion and collection pipette. Respective pressures varied
from 11 to 27 mm Hg. There was no correlation between
perfusion pressures and percent recovery of
Discussion
Internephron heterogeneity of T and SNGFR has been a
common finding in micropuncture studies of acute renal failure
[6—9]. In a rat model of 60-mm ischemia, Mason et al [6] found
proximal tubular pressures to vary from 8 to 44 mm Hg 1 to 4 hr
after ARF induction. Using the same model, Tanner and
Sophasan [91 found a similar pressure distribution after the
initiating insult. At the same time SNGFR was widely distrib-
uted and not statistically different from the control mean
SNGFR at a time when whole kidney polyfructosan clearance
had decreased by 92% [91. Scattered proximal tubular pressure
determinations 1 day after 60 mm of renal artery clamp ischemia
in rats was also found by Arendshorst, Finn, and Gottschalk [7]
and in NE-induced ARF in the dog by Burke et al [19]. In a
30-mm model of renal artery clamp ischemia in rats studied
serially over 24 hr by Venketachalam et al [20], whole kidney
GFR fell to a low of 22% of control, while the overall span of
SNGFR measurements did not change significantly from con-
trol throughout. Previous studies have not specifically exam-
ined the mechanism of internephron heterogeneity in models of
ischemic ARF. Two major questions were addressed by the
present set of experiments: (I) What factors account for hetero-
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Fig. 6. Relationship between glomerular filtration
capacity (shown as SNGFR/P0) and existent proxi-
mal tubular pressure in individual nephrons.
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Table 2. Percent recoveries of 4C.inulina
Rats Time p sham
N or NE
Percent recovery
Proximal to proximal Proximal to distal
Control rats
6 0 93 5 (18) 94 6 (9)
6 24 hr 94 6 (12) 93 8 (6)
6 48 hr 96 7 (10) 93 5 (7)
6 72 hr 95 7 (15) 92 9 (8)
6 1 week 97 8 (13) 90 4 (9)
Acute renal failure rats
6 24 hr 95 8 (20) 96 7 (8)
6 48hr 93±9(16) 92± 7(13)
6 72 hr 91 8 (17) 94 10 (12)
6 1 week 94 6 (14) 92 7 (10)
a The numbers in parentheses are the numbers of nephrons studied.
geneity of PT and SNGFR? (2) How is heterogeneity related to
time?
To investigate these questions, a reversible ischemic disease
model that closely simulated the course of human ARF was
used. Following norepinephrine infusion, both RBF and GFR
were 0. Thereafter, there was gradual improvement in RBF
which was not significantly different from control at 48 hr,
slightly less than control at 72 hr, but returned to control levels
by 1 week. Recovery of GFR lagged behind that of RBF. Partial
improvement in GFR was clearly evident at 72 hr and reached
46% of control at 1 week. While the overall pattern of recovery
was similar to that described by Finn and Chevalier [8] in a
two-kidney, 60-mm unilateral renal artery clamp model, the
time course of ARF was shorter. The shorter duration in the
present study could be explained in part by model differences,
but a report by Baehler et al [21] suggests that the absence of
the contralateral kidney influenced the length of recovery. Both
advantages and disadvantages were considered in using a
uninephrectomized ARF model. It was an advantage to have
both a systemic and intrarenal uremic biochemical environ-
ment. However, renal growth following contralateral nephrec-
tomy could have added an unmeasured variable in the course of
disease recovery. Previous studies by Katz and Epstein [22]
indicated that significant increases of RBF and GFR occurred
within 24 to 48 hr after uninephrectomy and reached a maxi-
mum by Ito 2 weeks. Two-week uninephrectomy animals were
used in the present study. To ascertain if compensatory growth
was influencing the results, time-control rats that had sham
ARF induction were studied in parallel with ARF rats. Kidney
weights did not change in time-control rats. There were de-
creases in RBF and GFR immediately after sham ARF induc-
tion, but both variables were stable thereafter. Thus, while
some consequences of hypertrophy cannot be excluded, kidney
size and functional stability in time control rats indicated that
by 2 weeks after nephrectomy their effects were minimal and
outweighed by the advantage of a uremic ARF model.
As a first step in examining internephron heterogeneity and
its time course, PT measurements were carried out using a
method that reduced the possibility of tubular pre-selection. T
was scattered from below to fourfold higher than time-control
values at 24, 48, and 72 hr. By 1 week PT were more tightly
distributed around control values. The wide scatter of mea-
surements confirmed the findings of tubular pressure hetero-
geneity in previous experimental studies of ischemic ARF [6—9].
SNGFR was measured both with and without maintaining the
existent P1 during collection. When no pressure monitoring was
used, SNGFR values were highly variable on all days when
they were serially measured. Changes in mean values from the
1Week
5
I --
5 10 15 20 25 30 35
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pre-infusion control level bore no relationship to changes in
whole kidney C11 on the same respective days. However, when
existent pressures were maintained during tubular fluid collec-
tions, SNGFR were significantly more uniform, were clearly
less than SNGFR in respective time controls, and changed in
close parallel with whole kidney C. Collections performed at
the existent tubular pressures undoubtedly reflected more au-
thentic in vivo SNGFR values. SNGFR results from collections
without pressure control were largely artifactual, since the
variable decreases in T with that collection technique obscured
tubular obstruction as a pathogenetic factor. Venting ob-
structed tubules with high T values permitted flow rates in
excess of those that existed prior to tubular puncture with a
collection pipette as suggested by Tanner and Sophasan [9] and
Neugarten, Aynedjian, and Bank [23].
While heterogeneity of SNGFR values could, in large part, be
ascribed to measurement artifact, the scattered T measure-
ments could not. Moreover, the dependence of SNGFR on T,
uncovered by the pressure controlled and uncontrolled tubular
fluid collections, indicated a close relationship between SNGFR
and Theoretically, nephrons with higher values of PT had
glomerular ultrafiltration pressures, plasma flows, and ultra-
filtration coefficient characteristics that maintained tubules in
distended, high pressure states. Such a combination of findings
can be explained by primary tubular obstruction. Other neph-
rons were not capable of generating high or even normal tubular
pressures. Because tubular fluid backleak was not detected in
this disease model, then the primary operative defect in these
nephrons would be in the determinants of glomerular ultrafiltra-
tion. To test this proposition, experiments to measure glomer-
ular filtration capacity by collecting tubular fluid at pressures
reduced from stop-flow were carried out. Reducing intratubular
pressures to a constant value below stop-flow prior to collecting
tubular fluid created a known hydraulic driving force for
glomerular filtration. The GFC was found to be directly related
to the existent PT on each experimental day. In addition, PT was
directly related to P5. The direct relationship between GFC
and PT indicated that the capacity for glomerular filtration was
reflected in the existent tubular pressure. Nephrons with tubu-
lar pressures above respective controls had glomerular filtration
characteristics that were comparable to normal as indicated by
the GFC measurements. Thus, the explanation for in vivo
reductions in SNGFR in nephrons with elevated tubular pres-
sures in large part was tubular obstruction. Nephrons with low
T had GFC vlaues that were below respective controls.
Despite inducing a positive hydraulic force for filtration,
SNGFR was markedly reduced indicating that the determinants
of glomerular ultrafiltration were abnormal and were the pri-
mary cause for the reduced in vivo SNGFR. The methods used
in this study do not permit separation of the determinants of
glomerular filtration since KUF, glomerular plasma flow, and
glomerular capillary pressure were not measured directly. Cre-
ating a positive hydraulic driving force would not increase
glomerular filtration to levels comparable to controls for the
same induced driving force if KUFwere reduced [24]. Neither
would the response be similar to controls if glomerular plasma
flow were subnormal, since the increased rate of rise of glomer-
ular capillary colloid osmotic pressure would reduce the net
driving force for filtration 24]. Again, since the lowest values of
PT (and PSF) were associated with the lowest values of GFC,
then a reduced PGC cannot be excluded.
The linear correlation between PT and GFC demonstrated the
continuous relationship of these parameters for the overall
range it was tested on each experimental day. If tubular
obstruction were the sole defect in some nephrons and reduced
glomerular filtration determinants the sole defect in others, then
there would be two distinct groupings of GFC/PT measure-
ments. Obstructed nephrons would have uniformly elevated T
values approaching PSF with GFC values at or above respective
controls. Nephrons with reduced glomerular filtration determi-
nants would also have relatively uniform, but reduced, PT
compared to controls and subnormal GFC values. However, in
the present study the continuous GFC/PT relationship indicated
that, except for those at the upper and lower limits of this
distribution, nephrons had a combination of obstructive and
glomerular filtration determinants' defects. With the exception
of 1 week, there were nephrons with GFC values similar to or
above respective controls but PT levels were less than SF
indicating that obstruction was less than complete. Regardless
of the experimental day, there were other nephrons that had
submaximally elevated P1 and reduced GFC values. In these
nephrons glomerular filtration determinants were subnormal
but sufficient to elevate T in either partially or completely
obstructed nephrons. When considered as a whole, subnormal
glomerular filtration, at least in this model of ischemic ARF,
was the result of both tubular obstruction and abnormal deter-
minants of glomerular filtration acting separately in some but in
combination in the majority of nephrons.
The current study did not address the underlying cause for
the glomerular dysfunction which was found in combination
with tubular obstruction. However, evidence from other studies
suggests a possible mechanism for this phenomenon. First,
several investigators have reported a progressive decline in
RBF following total ureteral obstruction [25—27]. Of particular
interest was the finding of Mason et al [6] that during periods of
5 to 24 hr of ureteral obstruction proximal tubular pressures
were widely scattered from 6 to 44 mm Hg. There was a
tendency for pressures to decline by 24 hr. The pattern of
distribution was similar to the present study. Despite a single
etiology, that is, ureteral obstruction, individual nephron dy-
namics were not uniform suggesting that there was a secondary
factor changing glomerular dynamics in a majority of nephrons.
In line with this concept was the observation of Arendshorts,
Finn, and Gottschalk [28] that 24 hr of single nephron obstruc-
tion caused a subsequent decline in glomerular perfusion of that
nephron. Yarger, Schocken, and Harris [29] have shown that
thromboxane A7 and B2 synthesis is increased by tubular
obstruction and in turn causes afferent arteriolar constriction.
In addition, it has been shown that glomerular epithelial cells
can synthesize thromboxane A2. Mechanistically, it could be
envisioned that following ischemic injury tubular obstruction
would occur early in the more severely injured tubules. The
initial glomerular vascular response may be a decrease or at
least no change in RA and maintenance of glomerular perfusion.
However, there would be a subsequent decrease in glomerular
perfusion. The spectrum of T and SNGFR measurements at
reduced pressures at any one point in the course of disease
would depend on variable severity in the initial ischemic tubular
injury, that is, nephrons would be obstructed at different rates
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because tubular sloughing was variable. Of course, neither this
hypothesis nor the data from this study exclude the possibility
that there is some element of uneven initial glomerular ischemic
injury causing changes in KUF or disrupted tubuloglomerular
feedback operative in this disorder.
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